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Abstract:We discuss the properties of the topological soliton, or the Electroweak-Skyrmion,
in the system of the Standard Model Higgs Lagrangian with addition of general O(p4) terms.
We show that the upper bound on the mass of the Electroweak-Skyrmion is about 10 TeV,
which is obtained from currently available experimental constraints on coefficients of O(p4)
terms. The impact on the properties of the Electroweak-Skyrmion due to further modifi-
cation of the Lagrangian is also discussed, and comments on possible mechanisms for the
generation of the Electroweak-Skyrmion in the early Universe as a dark matter are given.
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1 Introduction
Topological objects play important roles in various areas of physics, and the physics of
the dark matter (DM) might be no exception. Actually, there have been many attempts to
explain the DM as extended objects. (See, for example, Refs. [1, 2].) Recently, it was shown
that even in the Standard Model (SM) with 125 GeV Higgs boson, by minimal addition of
an O(p4) operator, the topological object exists as a solution of field equations [3]. The
object, Electroweak (EW)-Skyrmion, has a topological winding number in a similar manner
as the Skyrmion solution in the chiral Lagrangian [4] has it. That gives a stability to the
object and makes it an attractive candidate for the DM of the Universe. Technically similar,
though conceptually different, works has been published since then [5, 6].
In this paper, we extend the analysis of Ref. [3], in which only a specific combination
of O(p4) terms was considered, by allowing general O(p4) terms of the Lagrangian. Co-
efficients of O(p4) terms are experimentally constrained by measurements of weak gauge
boson scattering amplitudes, and those constraints give an upper bound on the mass of
the EW-Skyrmion. We show that the upper bound on the EW-Skyrmion mass is relaxed
by about 30 - 100% (depending on the different scattering channels) compared to the case
studied in Ref. [3]. The updated experimental analysis by the ATLAS collaboration is used
to constrain the coefficients of O(p4) terms, and we show that the most stringent constraint
on the mass of the EW-Skyrmion is about 10 TeV. We then study the case that the La-
grangian is further modified within the uncertainty of current experimental knowledge, and
discuss the impact on the properties of the EW-Skyrmion. We also discuss the possible
mechanisms for the generation of the EW-Skyrmion in the early Universe.
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2 Framework
In this section we describe the general framework for the study of EW-Skyrmion. For the
purpose of the current study, it is convenient to write the Higgs field in the matrix form as(
1 +
h(x)
vEW
)
U(x), (2.1)
where
U(x) = ei pi
i(x)σi/2vEW
(
σi : Pauli matrix
)
. (2.2)
Here, pii(x) are the Nambu-Goldstone fields associated with the electroweak symmetry
breaking and h(x) represents the physical Higgs boson. The Lagrangian we study in this
paper is
L = G
(
h(x)
vEW
)
v2EW
4
Tr
[
∂µU(x)
† ∂µU(x)
]
+
1
2
∂µh(x)∂
µh(x)− V (h(x))
+α4Tr
[
∂µU(x)
† ∂νU(x)
]
Tr
[
∂µU(x)† ∂νU(x)
]
+α5
(
Tr
[
∂µU(x)
† ∂µU(x)
])2
. (2.3)
First and second lines in the right hand side of Eq. (2.3) become equivalent to the SM Higgs
Lagrangian if we take
G
(
h(x)
vEW
)
=
(
1 +
h(x)
vEW
)2
(2.4)
and
V (h(x)) =
λSM
4
(
(h(x) + vEW)
2 − v2EW
)2
, (2.5)
where vEW ' 246 GeV is the vacuum expectation value (VEV) of the Higgs field and
λSM is taken to be the value which reproduces the observed Higgs mass mH ' 125 GeV.
Terms in third and fourth lines, which are written in the notation of Ref. [7], represent the
possible existence of anomalous quartic gauge couplings (QGCs), and coefficients (α4, α5)
parameterize the deviation from the SM value of QGCs. Values of α4 and α5 are constrained
by measurements of scattering amplitudes of weak gauge bosons, which will be discussed
in detail later. In Ref. [3], it was shown that the soliton solution, which we called the EW-
Skyrmion, exists when we adopt the forms showin in Eqs. (2.4), (2.5) with a specific choice
of parameters, α5 = −α4, which was motivated by the Skyrme model [4]. The purpose of
this paper is to study the properties of the EW-Skyrmion in more general Lagrangian.
EW-Skyrmion is described as a static configuration of the Higgs field with the following
form:
U(x) = eiF (r)σ
ixˆi , (2.6)
h(x) = vEW φ(r). (2.7)
where
r ≡ √xixi, xˆi ≡ xi/r. (2.8)
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F (r) and φ(r) can be determined by requiring that the total energy of the system is mini-
mized. For the discussion below, it is convenient to introduce a dimensionless coordinate r˜
which is defined as the radial coordinate r normalized by 1/vEW:
r˜ = r vEW. (2.9)
Then the energy of the static configuration can be written as
E
[
F˜ (r˜), φ˜(r˜)
]
= 4pivEW
∫ ∞
0
dr˜ r˜2
[
1
2
G
(
φ˜(r˜)
)(
F˜ ′(r˜)2 + 2
sin2 F˜
r˜2
)
+
1
2
φ˜′(r˜)2 + V˜
(
φ˜(r˜)
)
−4α4
(
F˜ ′(r˜)4 + 2
sin4 F˜
r˜4
)
−4α5
(
F˜ ′(r˜)2 + 2
sin2 F˜
r˜2
)2 ]
, (2.10)
where F˜ (r˜) and φ˜(r˜) are defined as
F (r) = F (r˜/vEW) ≡ F˜ (r˜), φ(r) = φ(r˜/vEW) ≡ φ˜(r˜), (2.11)
and V˜
(
φ˜(r˜)
)
is defined as
V (vEWφ(r)) ≡ v4EWV˜
(
φ˜(r˜)
)
. (2.12)
The necessary condition which minimize E[F˜ (r˜), φ˜(r˜)] can be obtained from the Euler-
Lagrange equations with respect to F˜ (r˜) and φ˜(r˜):
G
(
φ˜(r˜)
){
sin 2F˜ (r˜)− 2 r˜F˜ ′(r˜)− r˜2F˜ ′′(r˜)
}
− G′
(
φ˜(r˜)
)
r˜2 φ˜′(r˜) F˜ ′(r˜)
+16(α4 + α5)
{
2 r˜F˜ ′(r˜)3 + 3 r˜2F˜ ′(r˜)2F˜ ′′(r˜)
}
−16(α4 + 2α5) 1
r˜2
sin2 F˜ (r˜) sin 2F˜ (r˜)
+16α5
{
2 F˜ ′′(r˜) sin2 F˜ (r˜) + F˜ ′(r˜)2 sin 2F˜ (r˜)
}
= 0. (2.13)
1
2
G′
(
φ˜(r˜)
){
r˜2F˜ ′(r˜)2 + 2 sin2 F˜ (r˜)
}
− 2 r˜ φ˜′(r˜)− r˜2φ˜′′(r˜) + r˜2 V˜ ′
(
φ˜(r˜)
)
= 0. (2.14)
Solutions of these coupled equations are characterized by the topological winding number,
B = − εijk
24pi2
∫
d3x Tr
[
ViVjVk
]
, (2.15)
where
Vµ(x) ≡ (∂µU(x)) U(x)†. (2.16)
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Figure 1. F˜ (upper blue curve) and φ˜ (lower red curve) as functions of r˜ for the case of α4 = 0.1,
α5 = −0.1. The kinetic part of the Lagrangian and the Higgs potential take the SM forms.
When the system has B = n (n: integer), F˜ (r˜) and φ˜(r˜) as solutions of Eqs. (2.13) and
(2.14) satisfy the following boundary conditions:
F˜ (0) = npi, F˜ (∞) = 0. (2.17)
φ˜′(0) = 0, φ˜(∞) = 0. (2.18)
In the rest of the paper, we study the system by numerically solving Eqs. (2.13) and
(2.14) with imposing the above boundary conditions. Since we are interested in the ground-
state, we take n = 1 in Eq. (2.17), and assume that the spin of the topological object is 0,
therefore the value of the E[F˜ (r˜), φ˜(r˜)] itself becomes the mass of the object when solutions
are substituted back in the expression in Eq. (2.10).
3 EW-Skyrmion in the SM with general O(p4) terms
In this section, we assume that the kinetic part of the Lagrangian and the Higgs potential
take the SM forms, namely we adopt the expression shown in Eqs. (2.4), (2.5), and study
the effect of the O(p4) terms by varying parameters α4 and α5. In Fig. 1, we show the
example of numerical solutions for F˜ (r˜) (upper blue curve) and φ˜(r˜) (lower red curve) in
the case of α4 = 0.1, α5 = −0.1. As mentioned at the end of the previous section, the mass
of the EW-Skyrmion is obtained by substituting these solutions back into the expression
of E[F˜ (r˜), φ˜(r˜)] in Eq. (2.10). We calculated the mass of the EW-Skyrmion in the range
of −0.5 ≤ α4 ≤ 0.5 and α5 ≥ −0.8, and plot the results in Fig. 2. In the figure, the mass
of the EW-Skyrmion is plotted as a function of α5 for various choice of α4. Note that for
α4 ≤ 0, the mass of the EW-Skyrmion monotonically decreases as α5 becomes large, and
goes to 0 in the limit of approaching a certain critical value of α5. In the region where α5 is
larger than this critical value, there is no solution which satisfies the required equations and
boundary conditions. In the case of α4 > 0, the decreasing tendency as a function of α5 is
the same as in the case of α4 ≤ 0, however, the solution disappears before it reaches to the
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Figure 2. Mass of the EW-Skyrmion as functions of α5 for various choice of α4. Kinetic part of
the Lagrangian and the Higgs potential are taken to be the SM forms (Eqs. (2.4), (2.5)).
massless limit. This is because the necessary condition for the existence of the minimum of
Energy functional E[F˜ (r˜), φ˜(r˜)] with respect to the variation of F˜ (r˜) and φ˜(r˜) (Legendre’s
condition) is not satisfied in larger α5 region.
In Fig. 3 the mass derived above is shown on the α4-α5 plane. In the shaded regions,
there is no solution which satisfies required equations and boundary conditions. In the un-
shaded region, contours for the mass of 10 TeV, 20 TeV, · · · 70 TeV are illustrated as black
solid lines. There are two distinct boundaries which separates the shaded and un-shaded
regions in α4 ≤ 0 and α4 > 0, respectively, which match the explanation in the previous
paragraph: in the region of α4 ≤ 0, approaching the boundary from below, the mass of the
EW-Skyrmion goes to 0, meanwhile, in the region of α4 > 0, the solution disappears at the
boundary with finite value of the mass.
As we mentioned in the previous section, α4 and α5 parameterize the deviation from the
SM value of QGCs, and magnitude of them are experimentally constrained by measurements
of weak gauge boson scattering amplitudes. In Fig. 3, we overlay the currently available
constraints from ATLAS analyses (Refs. [8–10]) of LHC experiment. The contours indicated
byW±W±jj,WZjj, andWV jj in the figure are 95% CL limits (inside of them are allowed
region) from various channels of weak gauge boson scattering measurements: those indicated
by W±W±jj [8] and WZjj [9] used leptonic final states of same-sign WW scattering and
WZ scattering, respectively, while the one indicated by WV jj [10] used semi-leptonic final
states, where W decays leptonically and V (= W or Z) decays hadronically. (“jj” in the
name of all channels means forward jets associated with weak gauge boson fusion process.)
From this figure, the upper bound on the mass of the EW-Skyrmion, M , constrained from
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Figure 3. Mass of the EW-Skyrmion on the α4-α5 plane. Contours for the mass of 10 TeV, 20
TeV, · · · 70 TeV are shown as black solid lines. In the shaded regions, there is no solution which
satisfies required equations and boundary conditions. 95% CL allowed region (inside of contours)
from several experiments (Refs.[8–10]), indicated byW±W±jj,WZjj , andWV jj, are also shown.
(See the main text for detailed explanations.)
each analysis can be derived as follows:
W±W±jj : M . 60.1TeV (α4 ' 0.4, α5 ' −0.8 ), (3.1)
WZjj : M . 50.5TeV (α4 ' 0.14, α5 ' −0.54 ), (3.2)
WV jj : M . 10.3TeV (α4 ' −0.003, α5 ' −0.032 ), (3.3)
where the values of (α4, α5) which give the largest M in the allowed region in each channel
are indicated in parentheses.
It is interesting to compare above results to the case where values of α4 and α5 are
constrained by the relation α5 = −α4. As briefly mentioned earlier, this specific choice
of parameters give a Lagrngian term which has the same form as that introduced by the
original Skyrme model [4]. This can be easily seen by rewriting the O(p4) terms in the
Lagrangian as follows:
LO(p4) = α4Tr
[
∂µU(x)
† ∂νU(x)
]
Tr
[
∂µU(x)† ∂νU(x)
]
+ α5
(
Tr
[
∂µU(x)
† ∂µU(x)
])2
,
= α4Tr [VµVν ] Tr [V
µV ν ] + α5Tr [VµV
µ] Tr [VνV
ν ] ,
= −1
2
α5Tr
[
[Vµ(x), Vν(x)] [V
µ(x), V ν(x)]
]
+
1
2
(α4 + α5) Tr
[
{Vµ(x), Vν(x)} {V µ(x), V ν(x)}
]
, (3.4)
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Figure 4. Mass of the EW-Skyrmion for the case that no scalar field is included. The mass is
plotted as functions of α5 for various choice of α4.
where [A,B] ≡ AB − BA and {A,B} ≡ AB + BA, respectively. The first term in the
last expression above is nothing but the Skyrme term, and the secont term drops when one
takes α5 = −α4. The upper bounds on the mass when we restrict the parameter in this
way are summarized as follows:
W±W±jj : M . 29.0TeV (α4 = −α5 ' 0.31 ), (3.5)
WZjj : M . 34.4TeV (α4 = −α5 ' 0.41 ), (3.6)
WV jj : M . 8.0TeV (α4 = −α5 ' 0.035 ), (3.7)
again, values of (α4, α5) which give the largest M in the allowed region, namely the cross
section of the line α5 = −α4 and 95% CL contour of each experimental analysis, are
indicated in parentheses. From these, it is concluded that the upper bound on the mass of
EW-Skyrmion is relaxed by about 100%, 50%, 30% for the case of W±W±jj, WZjj, and
WV jj channels, respectively, when one allows general choice of α4 and α5 compared to the
case where those are restricted to α4 = −α5 as in the form of the Skyrme model.
Before move on to the next section, let us briefly discuss the comparison of the result
here to the case that no scalar particle is included in the analysis, which is equivalent
to the limit that Higgs mass is taken to be infinity with fixing the value of vEW. (Such
analysis, namely the study of the Skyrmion solution in the context of non-linear EW chiral
Lagrangian has been done in Refs. [2].) The mass of the EW-Skyrmion in this case is
plotted as functions of α5 for various choice of α4 in Fig. 4. In Ref. [3], for the specific case
of α5 = −α4, it was shown that inclusion of the scalar field had an effect that the mass of
the EW-Skyrmion is reduced compared to the no-scalar case. (This is also pointed out in
Ref. [11] in the context of hadron physics.) By comparing the result in Fig. 4 to that in
Fig. 2, one can see that the effect of reducing the EW-Skyrmion mass by the inclusion of
the scalar field is general tendency for arbitrary choice of α4 and α5 at least in the region
investigated here.
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Figure 5. Mass of the EW-Skyrmion as functions of α5 for various choice of α4 for the cases of
(a, b, c) = (0.8, 1, 0) (left panel) and (a, b, c) = (1.2, 1, 0) (right panel).
4 Further generalizations
In this section, we study the properties of the EW-Skyrmion by generalizing the form of the
Lagrangian further. In the previous section, we assumed that the function G
(
h(x)
vEW
)
and
the Higgs potential V (h(x)) take the SM forms, namely Eqs. (2.4), (2.5), however, these
forms are not established experimentally yet, and there is a possibility that deviation from
the SM forms will be found at future experiments. Therefore, we study the effect of the
modifications on the properties of the EW-Skyrmion.
For the function G
(
h(x)
vEW
)
, we consider the following form as an extension:
G
(
h(x)
vEW
)
= 1 + 2 a
(
h(x)
vEW
)
+ b
(
h(x)
vEW
)2
. (4.1)
As for the Higgs potential, we modify it by adding dimension-6 operator:
V (h(x)) =
λSM
4
(
(h(x) + vEW)
2 − v2EW
)2
+ c
λSM
8v2EW
(
(h(x) + vEW)
2 − v2EW
)3
. (4.2)
By the addition of the last term, the triple Higgs coupling is modified as vEWλSM →
vEWλSM(1 + c), while keeping the Higgs mass and the Higgs VEV unchanged. The choice
of the parameters (a, b, c) = (1, 1, 0) (with (α4, α5) = (0, 0)) reproduces the SM Higgs
Lagrangian.
We first study the effect of the change of the parameter a. Here, we consider two cases,
a = 0.8 and 1.2, namely the effect of the ± 20% deviations from the SM value. The reason
for this choice beeing that from the measurement of the Higgs coupling to weak gauge
bosons [12], it is unlikely that the deviation from the SM value is much larger than this
amount. In Fig. 5, the mass of the EW-Skyrmion is plotted in a similar manner to Fig. 2
for the case of (a, b, c) = (0.8, 1, 0) (left panel) and (a, b, c) = (1.2, 1, 0) (right panel). From
these plots, by comparing to Fig. 2, one can see that smaller (larger) value of a has an
effect to enhance (reduce) the mass of the EW-Skyrmion. It is also interesting to note that,
in the positive α4 region, the critical value of the α5 above which the solution disappears
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Figure 6. Mass of the EW-Skyrmion as functions of α5 for various choice of α4 for the cases of
(a, b, c) = (1, 0.8, 0) (left panel) and (a, b, c) = (1, 1.2, 0) (right panel).
become smaller (larger) when a is taken to be larger (smaller) than 1. Due to this, in the
case of a = 1.2 (right panel), the critical value becomes smaller than −α4, therefore, in this
case, there is no solution if one takes the Skyrme-model like parameter choice α5 = −α4.
Next, we study the effect of the change of parameters b and c. Unlike for the case
of a, there are no stringent experimental constraint for these parameters yet. Here, to
see the impact of the change of these parameters, we take 20% deviation from the SM
value as a benchmark. In Fig. 6, the mass of the EW-Skyrmion is plotted for the cases
of (a, b, c) = (1, 0.8, 0) (left panel) and (a, b, c) = (1, 1.2, 0) (right panel). By comparing
these plots to Fig. 2, one can see that smaller (larger) value of b has an effect to reduce
(enhance) the mass of the EW-Skyrmion. We have done the similar analysis for the case of
(a, b, c) = (1, 1, 0.2), namely the 20% change of higgs triple coupling, and it turned out that
the effect is tiny and the difference from the case of (a, b, c) = (1, 0.8, 0) is almost negligible.
In a similar way used in the previous section, we have derived upper bound on the
mass of the EW-Skyrmion for the case of parameter choices studied in this section. The
results are summarized in Table 1. As we have done in the previous section, in addition to
parameter W±W± (all leptonic) W±Z (all leptonic) W±V (semi-leptonic)
(a, b, c) Skyrme General Skyrme General Skyrme General
(1.0, 1.0, 0.0) 29.0 60.1 34.4 50.5 8.0 10.3
(0.8, 1.0, 0.0) 33.5 65.0 39.0 55.2 10.3 12.7
(1.2, 1.0, 0.0) – 53.5 – 44.2 – 6.5
(1.0, 0.8, 0.0) 26.9 58.4 32.2 48.8 – 9.1
(1.0, 1.2, 0.0) 30.5 61.4 35.8 51.8 8.9 11.2
(1.0, 1.0, 0.2) 28.9 59.8 34.1 50.2 8.0 10.3
No-scalar 40.0 72.4 45.9 62.4 13.4 16.2
Table 1. Upper bound on the mass of the EW-Skyrmion in the unit of TeV. Bounds for the case
of the Lagrangian without scalar field are also shown for comparison.
– 9 –
deriving upper bounds when we allow general values of α4 and α5, we also derived those
when we restrict the parameters to be Skyrme-model like (namely, α5 = −α4). The values
of (α4, α5) which give the largest M in the allowed region are the same as those in the
case of (a, b, c) = (1, 1, 0), which were shown in Eqs. (3.1)-(3.3) and (3.5)-(3.7). “–” in
the table means there is no Skyrmion solution in the allowed region. In addition to the
bounds derived in this section, those derived in the previous section, namely for the case
of (a, b, c) = (1, 1, 0) are shown on the top row of the table. Also, for comparison, similar
mass bounds for the case that no scalar particle is included in the analysis are shown as
well.
5 Cosmology
We here comment on the possible mechanisms for the generation of the Skyrmion dark
matter in the early Universe. Although the EW-Skyrmion considered in this paper is
classically stable due to its non-trivial topological charge, the instanton in the SU(2)L
gauge theory may unwind the Skyrmion. In the early Universe, when the temperature is
above the electroweak phase transition, the spharelon process can efficiently convert the
Skyrmion into the baryons or leptons in the SM.
The situation is, however, quite model dependent. By analogy of the Skyrmion in QCD
as the nucleon, the EW-Skyrmion would be identified with the techni-baryon like object in
the full dynamics of the electroweak symmetry breaking. In this case, depending on the
structures of the full theory, the techni-baryon can carry its own baryon number which is
not anomalous to the SU(2)L gauge theory. This situation is possible if there are multiple
techni-baryons so that the anomaly is canceled. 1
There are, therefore, two kinds of scenarios one can consdier; the case with the sta-
ble EW-Skyrmion and the other with the EW-Skyrmion unstable under the electroweak
spharelon process. The case with stable EW-Skyrmion is discussed in Ref. [3]. Because of
the large annihilation cross section, it is difficult to explain the abundance by the thermal
relic. An interesting possibility is to assume that the Skyrmion asymmetry generated in
the early Universe has remained today as the dark matter.
If the EW-Skyrmion is unstable under the spharelon process, even the asymmetry
cannot survive if the reheating temperature of the Universe exceeds the electroweak scale.
In order to explain the abundance today, the reheating temperature should be lower than
the electroweak scale. In this case, the non-thermal production of the Skyrmion is possible
if the inflaton is directly coupled to the EW-Skyrmion. The number density to the entropy
ratio is estimated by n/s ∼ (TR/mφ)Br, where TR, mφ, Br are the reheating temperature,
the inflaton mass, and the branching ratio into the EW-Skyrmion, respectively. If the
generated abundance is high enough, the annihilation process reduces the abundance to
n/s ∼ (〈σv〉TRMPl)−1 [13]. A large enough amount of the EW-Skyrmion can be generated
even if the annihilation process is very strong.
Another possibility is to assume the production of the EW-Skyrmion during the reheat-
ing process. The decay products of the inflaton can hit particles in the thermal plasma, and
1We thank Masahiro Takimoto for discussion on this point.
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heavy particles can be produced by this process even if the reheating temperature is very
low [14]. For the Skyrmion mass around 10 TeV, the reheating temperature of the order of
100 MeV can explain the abundance.
6 Summary
The discovery of the Higgs particle was definitely a major step forward for our understanding
of the nature of the elementary particle physics. The next step is to study the properties
of the Higgs itself. In this paper, we pursued the possibility that the Higgs field plays
an important role, not only in the form of a particle, but also in the form of topological
objects. General O(p4) terms were added to the SM Higgs Lagrangian, and it was shown
that topologically non-trivial configurations exist as solutions of field equations. The upper
bound on the mass of such object, the EW-Skyrmion, was estimated to be about 10 TeV,
and the impact on the properties of the EW-Skyrmion due to further modifications of the
Lagrangian was discussed. The EW-Skyrmion can be identified as the DM, and possible
mechanisms for the generation of the EW-Skyrmion in the early Universe was discussed.
The experimental constraints on Lagrangian parameters discussed in this paper are expected
to become significantly more precise near future, and there is a possibility that deviation
from the SM is discovered, in which case the analysis done in this paper will provide a
prediction of the mass of the EW-Skyrmion or disprove the existence of such topological
objects depending on the values of parameters.
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